Endocrine disruptive compounds (EDC) alter hormone-stimulated, nuclear receptor-dependent physiological and developmental processes by a variety of mechanisms. One recently identified mode of endocrine disruption is through hormone sensitization, where the EDC modulates intracellular signaling pathways that control nuclear receptor function, thereby regulating receptor transcriptional activity indirectly. Methoxyacetic acid (MAA), the primary, active metabolite of the industrial solvent ethylene glycol monomethyl ether and a testicular toxicant, belongs to this EDC class. Modulation of nuclear receptor activity by MAA could contribute to the testicular toxicity associated with MAA exposure. In the present study, we evaluated the impact of MAA on the transcriptional activity of several nuclear receptors including the androgen receptor (AR), which plays a pivotal role in the development and maturation of spermatocytes. AR transcriptional activity is shown to be increased by MAA through a tyrosine kinase signaling pathway that involves PI3-kinase. In a combinatorial setting with AR antagonists, MAA potentiated the AR response without significantly altering the EC 50 for androgen responsiveness, partially alleviating the antagonistic effect of the anti-androgens. Finally, MAA treatment of TM3 mouse testicular Leydig cells markedly increased the expression of Cyp17a1 and Shbg while suppressing Igfbp3 expression by~90%. Deregulation of these genes may alter androgen synthesis and action in a manner that contributes to MAA-induced testicular toxicity.
Introduction
Endocrine disruptive compounds (EDC) modulate hormonal signaling causing adverse physiological responses. Direct binding to steroid hormone receptors (nuclear receptors) leading to receptor activation, or to receptor antagonism, is a well-studied mode of endocrine disruption. However, recent studies have established that EDCs can interfere with hormone signaling through other, indirect mechanisms with effects on nuclear receptors that mediate steroid hormone action (Tabb and Blumberg, 2006) . These indirect mechanisms include modulation of coactivator expression (Inoshita et al., 2003; Lonard et al., 2004) , alteration of the rate of proteasomedependent nuclear receptor degradation (Masuyama et al., 2002) , changes in DNA methylation (Anway et al., 2005) and hormone sensitization (Jansen et al., 2004) . Hormone sensitizing EDCs affect nuclear receptor activity via non-genomic intracellular signaling pathways, and may lead to an increase in the intrinsic transcriptional activity of the receptor without direct interactions between the EDC and the hormone or its receptor.
MAA, the toxic metabolite of the widely used industrial solvent ethylene glycol monomethyl ether (EGME) (Welsch, 2005; Bagchi and Waxman, 2008) , is a hormone sensitizer that enhances the transcriptional activity of several nuclear receptors without itself being a hormone mimetic (Jansen et al., 2004) . The most noticeable outcome of MAA exposure in males is testicular degradation (Li et al., 1996; Krishnamurthy et al., 1998) due to apoptosis of pachytene spermatocytes (Ku et al., 1994) . The precise testicular cell target(s) of MAA and the mechanism whereby it induces germ cell apoptosis are not known. Spermatocyte apoptosis could result from direct actions of MAA on germ cells and/or could be due to indirect effects mediated through somatic cells, including Sertoli cells and/or Leydig cells, in the testis. Nuclear receptors are expressed in both germ cells and somatic cells of the testis and play an important role in spermatocyte survival and maturation. Thus, androgen receptor (AR) is required for androgen biosynthesis and spermatogenesis (Roberts and Zirkin, 1991; De Gendt et al., 2004) and estrogen receptor (ER) α is an essential mediator of the effects of estrogen on Leydig cell development (Abney, 1999) . ERβ is widely expressed in testicular germ cells and somatic cells and likely contributes to germ cell maturation (O'Donnell et al., 2001) . Retinoic acid receptors (RARs) also play a critical role in testes development and spermatogenesis (Vernet et al., 2006) . Effects of MAA on these receptors could thus disrupt the critical physiological balance that governs nuclear receptor activity in the testes, leading to the observed germ cell toxicity.
In the present study, we investigate the effects of MAA on the transcriptional activity of AR and several other nuclear receptors. MAA is shown to enhance AR-dependent transcription without alteration of the receptor's intrinsic androgen responsiveness. This potentiation of AR activity is shown to require tyrosine kinase signaling that is Toxicology and Applied Pharmacology 238 (2009) 
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Toxicology and Applied Pharmacology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / y ta a p independent of the Ras → MEK → ERK signaling pathway but requires PI3 kinase activity. Furthermore, in a combinatorial setting with AR antagonists, MAA is shown to partially alleviate the antagonistic effect of anti-androgens, particularly at androgen concentrations that induce a low, suboptimal response. Finally, MAA is shown to alter the expression of several genes associated with androgen action in studies carried out in a cultured mouse Leydig cell model.
Materials and methods

Chemicals.
Dimethyl sulfoxide, testosterone, 17β-estradiol, tri-iodothyronine, all trans-retinoic acid, MAA, horse serum, linuron and vinclozolin were purchased from Sigma Chemical Co. (St. Louis, MO). The synthetic progesterone R5020 (promegestone) was purchased from Perkin Elmer Inc. (Waltham, MA). U0126 and antibodies against ERK (cat. #9102), and phosphorylated ERK (cat. #9101), were purchased from Cell Signaling Technology, Inc. (Danvers, MA). SB203580, SP600125, bisindolylmaleimide, LY294002, and PP2 were obtained from Calbiochem (San Diego, CA) and PD98059 from BioSource International (Camarillo, CA). DMEM and DMEM-F12 culture medium, fetal bovine serum (FBS) and TRIzol reagent were purchased from Invitrogen Corp. (Carlsbad, CA). Bicalutamide was a gift from AstraZeneca Pharmaceuticals (Waltham, MA).
Plasmids. The human AR expression plasmid pSG5-hAR and the androgen-responsive reporter plasmid pProbasin-Luc, which contains two naturally occurring androgen response elements (AREs), were obtained from Dr. Ollie Janne (Institute of Biomedicine, Univ. of Helsinki, Finland). The human ERα and ERβ expression plasmids, pcDNA3.1-hERα and pcDNA3.1-hERβ, were obtained from Dr. Myles Brown (Dana-Farber Cancer Institute, Boston, MA). The ER-C3-luciferase reporter plasmid was obtained from Dr. Kevin Gaido (CIIT Centers for Health Research, Research Triangle Park, NC). Thyroid hormone receptor (TR)-β expression plasmid, pCDM8-TR, a luciferase reporter vector containing three copies of a thyroid hormone-responsive DR4 element, pTK-TR(DR4) 3 , and the retinoic acid reporter plasmid pGL3-β-RARE-luc were obtained from Dr. David Moore (Baylor College of Medicine, Houston Texas). The retinoic acid receptor (RAR) expression vectors pSG-mRARα, pTL-mRARβ and pTL-mRARγ were provided by Dr. Pierre Chambon (Institut de Génétique et de Biologie Moléculaire et Cellulaire, Strasbourg, France). Expression plasmids for the coactivators GRIP1, p300 and CARMI were obtained from Dr. Michael R. Stallcup (Univ. of Southern California, Los Angeles, CA). Human progesterone receptor expression plasmid (hPR-B) and its reporter plasmid were gifts from Dr. Donald P. McDonnell (Duke University Medical Center, Durham, NC). pSV-βgal vector, containing the SV40 early promoter and enhancer upstream of bacterial lacZ gene, encoding β-galactosidase, was purchased from Promega Corp. (Madison, WI).
Cell culture and transient transfection.
tsA201 cells, a derivative of the cell line HEK293, were obtained from Dr. J. Larry Jameson (Northwestern Univ. Medical School, Chicago, IL) and grown in DMEM containing 10% FBS. TM3 mouse Leydig cells and TM4 mouse Sertoli cells (American Type Culture Collection, Manassas, VA) were grown in DMEM-F12 containing 5% horse serum and 2.5% FBS. HepG2 human hepatocellular carcinoma cells (American Type Culture Collection) were grown in Eagle's Minimum Essential Medium containing 10% FBS. For transfection studies,~3 × 10 4 cells/well (tsA201, HepG2 and TM3 cells) were plated in 48-well tissue culture plates. 24 h later, the cells in individual wells were transfected with a total of 250 ng DNA/well using 0.3 μl of TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI) and salmon sperm DNA as a carrier. TransIT-LT1 (0.3 μl/well) was pre-incubated with DMEM without serum, following which DNA was added to the TransIT-DMEM mix and incubated for 15 min at room temperature. This cocktail was then aliquoted into each well to be transfected. To improve the transfection efficiency of TM3 cells, Hoechst dye 33258 (Molecular Probes, Eugene, OR) was included in the transfection mix at 100 μM final concentration. DNA to be transfected was added to the serum free medium followed by addition of Hoechst 33258 and incubated for 30 min at room temperature. TransIT-LT1 was pre-incubated with serum free medium for 5 min and added to the Hoechst dye-DNA mix and further incubated for 15 min. The mix was then added equally to each well to be transfected (Shipley and Waxman, 2006) . Transfections were performed using the following amounts of plasmid DNA per well of a 48-well tissue culture plate: 10 ng of receptor plasmid (AR, ERα, ERβ, TRβ, PR-B, RARα, RARβ or RARγ), 90 ng of reporter plasmid (pPB-luc, ERC3-luciferase, pTK-TR(DR4) 3 , progesterone receptor reporter plasmid or pGL3-β-RARE-luc), 20 ng of pSV-βgal (for normalization of luciferase activity) and 130 ng salmon sperm DNA. For coactivator experiments, transfections were performed using 1 ng or 15 ng AR, 90 ng of pProbasin-luc reporter plasmid, 20 ng of pSV-βgal, 50 ng of coactivator plasmids (10 ng GRIP1, 20 ng p300 and 20 ng CARM1) and 80 ng salmon sperm DNA.
Reporter assay. Transfected cells were stimulated for 24 h (or 6 h for the inhibitor studies) with the nuclear receptor ligands testosterone, 17β-estradiol (E2), triiodothyronine (T3), R5020 or all trans-retinoic acid dissolved in DMSO (10 nM each, except for the dose-response curves shown in Fig. 5 ) in the presence or absence of 5 mM MAA, as specified in each experiment. Each treatment (with vehicle, hormone, etc.) was administered to transfected cells in three separate wells. MAA stock solution was prepared by diluting MAA in culture medium (without serum), followed by adjustment of the pH to 7.4 with 10 N NaOH, to yield a final MAA concentration of 5 mM. Cells were treated with 0.1% DMSO as a vehicle control. For inhibitor experiments, transfected cells were pre-treated with the inhibitor for 30 min before addition of testosterone and/or MAA to the culture medium. Following treatment, the cultured medium was removed, and 100 μl passive lysis buffer (Promega) was added to each well for 15 min to lyse the cells. Firefly luciferase and β-galactosidase activities were respectively assayed using luciferase assay reagent from Promega Corp. (Madison, WI) and Galacto-Light Plus™ beta-Galactosidase Reporter Gene Assay System from Applied Biosystems (Foster City, CA) and a Monolight 2010 luminometer (Analytical Luminescence Laboratory, San Diego, CA). The resultant firefly luciferase activity was divided by the measured β-galactosidase activity to normalize for transfection efficiency. For each transfection experiment, triplicate sets of analyses were carried out for each data point on every bar graph and line graph. The n = 3 reported for each transfection experiment thus indicates normalized reporter activities obtained from three separate platings of cells from the same passage, each of which was transfected and treated individually and processed for reporter assays, in parallel. Reporter gene assays (luciferase and β-galactosidase) were carried out on each of the triplicate cell samples and normalized reporter activities were calculated. The normalized activity obtained from cells stimulated with ligand alone was set = 1.0 and activities corresponding to all other treatments were expressed in relation to this value. Data shown are mean ± SD values, based on the triplicate analyses. Furthermore, in all cases, the experimental results were verified using at least two or three other passages of the cell line, each of which was carried out as a set of three independent transfections (i.e., n = 3), as outlined above.
Determination of EC 50 values. tsA201 cells transfected with AR expression plasmid and pPB luciferase reporter plasmid were treated for 24 h with six or more concentrations of testosterone alone or in combination with MAA, and in the presence or absence of an AR antagonist. Controls included vehicle alone (DMSO, 0.1%), MAA alone (5 mM), AR antagonist alone (10 μM), and MAA + antagonist combined. Normalized reporter activities determined as described above were expressed relative to the DMSO control.
EC 50 values were determined by non-linear regression analysis using GraphPad Prism software, version 4.0 (GraphPad, San Diego, CA).
Western blotting. tsA201 cells were seeded in 6-well plates at~1.5 × 10 5 cells/well and allowed to grow overnight, following which the standard culture medium was replaced by starvation medium (DMEM without phenol red + 0.5% charcoal stripped serum). Twenty four hours later, the cells were treated for time periods ranging from 2 to 15 min with 5 mM MAA, with culture medium alone (negative control) or with culture medium + 10% FBS (positive control). Where indicated, 10 μM U0126 was added to the cells 30 min prior to the addition of MAA or stimulation of the cells with FBS. Cells lysates (20 μg protein/lane) were analyzed on Western blots probed with anti-phospho-ERK and anti-ERK antibodies according to the manufacturers' protocol. Membranes were incubated in 5% non-fat milk blocking buffer for 1 h at room temperature, washed 3× with 10 mM Tris, 150 mM NaCl, and 0.1% v/v Tween 20 and then incubated with primary antibody (1:1000 dilution) overnight at 4°C. The membrane was subsequently washed and incubated with HRP-conjugated secondary antibody and developed using Amersham ECL™ detection reagent (GE Healthcare, Piscataway, NJ).
qPCR analysis. TM3 cells were seeded in 6-well plates, cultured overnight to~60% confluence and then treated with 5 mM MAA or with culture medium alone for 3 h or 24 h. Total RNA was prepared using TRIzol reagent following the manufacturer's protocol. RNA samples were treated with RQ1 RNAse-free DNAse for 1 h at 37°C followed by heating at 75°C for 5 min. cDNA synthesis and real-time qPCR analysis using SYBR Green I-based chemistry were as described (Holloway et al., 2006) . Dissociation curves were examined after each qPCR run to ensure amplification of a single, specific product at the correct melting temperature. qPCR primers were designed using Primer express software (Applied Biosystems) ( Table 1) . Relative RNA levels were calculated after normalization to the 18S rRNA content of each sample and are based on duplicate RNA samples for each of three independent sets of experiments (mean ± SE for n = 3).
Statistical analysis. Statistical analyses were implemented using GraphPad Prism, v4.0 software. In Figs. 1-4 and 6, unpaired Student's T-test was used to compare treatment groups for differences in responsiveness to hormone or MAA treatments. Non-linear regression analysis followed by F-test was used to determine whether nuclear receptor dose-response curves presented in Fig. 5 were significantly different from each other. A value of p b 0.05 was used as the limit of significance.
Results
MAA enhances transcriptional activity of steroid hormone-activated nuclear receptors
The effect of MAA on the transcriptional activities of AR and several other nuclear receptors was evaluated in a cell-based reporter gene assay. These studies were carried out in tsA201 cells, which are readily transfected (Margolskee et al., 1993) and express negligible levels of several nuclear receptors (unpublished results). Cells were transfected with plasmids encoding AR, ERα, ERβ, TRβ or RARα, β, γ together with their cognate reporter plasmids. Cells were stimulated for 24 h with ligands specific for each receptor in the presence or absence of MAA; MAA was used at a concentration (5 mM) similar to that found in EGME-treated rats and in human urine after occupational exposure to EGME (Terry et al., 1994; Shih et al., 2001) . Each ligand activated the transcriptional activity of its respective receptor as shown in Figs. 1A and B. MAA enhanced the hormone-stimulated transcriptional activity of AR 4.3-fold (increase in normalized activity from 8.8 to 35-fold in the presence of MAA; Fig. 1A) . Similarly, MAA increased the activity of ERα, ERβ and TRβ by 6.3, 8.2 and 8-fold, respectively, when compared with ligand alone (Fig. 1A) . No potentiation of transcriptional activity was observed in case of the RARs (Fig. 1B) , demonstrating the selectivity of MAA for a subset of nuclear receptors.
MAA potentiates coactivator-mediated increases in AR activity
Nuclear receptors recruit coactivator proteins to remodel chromatin structure and activate the transcription initiation complex. Binding of an agonist ligand modifies the receptor's conformation in a way that promotes coactivator binding (Glass and Rosenfeld, 2000) . Coactivators of the p160 family, such as GRIP1, facilitate the binding of other coactivators, such as p300, which mediate histone acetylation and formation of stable complexes with basal transcription factors. GRIP1 also facilitates the binding of protein methyl transferases, such as CARM1, which methylates specific arginine residues in histones and Fig. 1 . MAA enhances ligand-induced transcriptional activity of selected nuclear receptors. tsA201 cells were co-transfected with human (h) AR, ERα, ERβ or TRβ (panel A) or RARα, β or γ (panel B), as indicated, and their corresponding response elementdirected firefly luciferase reporters. Cells were transfected with pSV-βgal plasmid as an internal control.~20 h after transfection, the cells were treated for 24 h with 10 nM each ligand, testosterone (T), estradiol (E2) or tri-iodothyronine (T3) (panel A) or all transretinoic acid (ATRA, panel B), alone or in combination with 5 mM MAA. Cells treated with 0.1% DMSO (vehicle) or with MAA alone served as controls. Firefly luciferase and β-galactosidase activity were measured and normalized reporter activity was determined, with the activity obtained from cells stimulated with ligand alone set = 1.0. Data shown are mean ± SD values for n = 3 independent transfections from a single passage of cells. The fold-change in hormone-stimulated activity compared to DMSO controls were 8.8, 8.6, 6.2 and 2.8 respectively for AR, ERα, ERβ and TRβ, as noted above each bar. Receptor activity increased to 35, 52, 48 and 22 (increased 4.3, 6.3, 8 .2 and 8-fold, above treatment with hormone alone), in cells treated with hormone + MAA (panel A). Fold change in activity in the case of RAR isoforms α, β and γ, were 43, 3.9 and 6.7-fold, respectively, compared to the vehicle control. However, there was no increase in activity when the cells were treated with ATRA+ MAA (panel B). Statistical analysis was carried out by T-test: ⁎, ⁎⁎ and ⁎⁎⁎ indicate p b 0.05, p b 0.01 and p b 0.001, respectively, for receptor reporter activity obtained in cells treated with hormone versus DMSO control, and for cells treated with MAA versus DMSO control. +, ++ and +++, indicate p b 0.05, p b 0.01 and p b 0.001, respectively, for differences in activity between cells treated with hormone + MAA compared to hormone treatment alone. Fig. 2 . MAA enhances coactivator-mediated increases in AR transcriptional activity. tsA201 cells seeded in 48-well plates were transfected with either 1 ng or 15 ng of AR expression plasmid, as indicated, in the presence or absence of expression plasmids for a combination of the coactivators (CoAc), GRIP1 (10 ng), p300 (20 ng) and CARM1 (20 ng). All cells were also transfected with 90 ng of AR reporter plasmid pProbasin-luc and pSVβgal as internal control. Transfected cells were stimulated for 24 h with testosterone (T), alone or in combination with MAA. Cells treated with vehicle or with MAA alone served as controls. Normalized reporter activity, data presentation and statistical analysis were as described in Fig. 1 . In cells co-transfected with the coactivators, testosteronestimulated AR reporter activity increased from 2.9-fold to 8.4-fold in the presence of 1 ng AR expression plasmid, and from 22-fold to 49-fold in cells transfected with 15 ng AR. MAA enhanced this coactivator-mediated increase in T response from 8.4 to 19-fold and from 49 to 121-fold, as shown.
other proteins in the transcription initiation complex and enhances transcription. Nuclear receptor transcriptional activity can be markedly increased upon co-expression of these coactivators, in particular, when low receptor amounts are used in transfection assays (~1-4 ng receptor/well of a 48-well plate) (Lee et al., 2002) . The impact of MAA on coactivator-mediated increases in AR transcriptional activity was investigated in tsA201 cells transfected with AR at both low and high plasmid levels (1 and 15 ng/well, respectively) in the absence (AR) and presence (AR + CoAc) of the coactivators GRIP1, p300 and CARM1. Fig. 2 shows that these coactivators enhanced AR activity N2 fold at both low and high AR levels, evidencing the functional expression of these coactivators. MAA further enhanced this activity N2 fold, indicating that potentiation by MAA proceeds through a mechanism distinct from that used by these coactivators.
MAP kinase activation
MAA is reported to increase kinase activity in spermatocytes, and kinase inhibitors can block MAA-induced germ cell toxicity (Jindo et al., 2001) . In other studies, MAA induced MAP kinase activity in Fig. 3 . MAA-activated MAPK signaling is not required for potentiation of AR activity. A. tsA201 cells were treated with culture medium alone (Veh), medium + 10% FBS, or medium + 5 mM MAA, for 2′, 5′, 10′ or 15′, as indicated, in the presence or absence of the MAPK pathway inhibitor U0126 (10 μM). Whole cell lysates were analyzed on a Western blot probed with anti-phospho-ERK (top panel) and anti-ERK antibody (bottom panel). Phosphorylation of the pair of ERK MAPK proteins was maximal after 5 min of MAA treatment and was completely blocked by U0126. FBS treatment served as a positive control for MAPK pathway activation and for the inhibitory effect of U0126. B. tsA201 cells co-transfected with AR, pProbasin-luc and pSV-βgal were treated for 24 h with vehicle, testosterone (T), MAA or testosterone + MAA in the presence or absence of 10 μM U0126. Normalized reporter activity and data presentation were as described in Fig. 1 . Co-treatment with MAA increased the T-induced activity by 2.6-fold and 3.4-fold, in the absence and presence of U0126, respectively, indicating that U0126 does not block MAA potentiation of AR transcriptional activity. C. HepG2 cells were co-transfected with progesterone receptor expression and reporter plasmids and pSV-βgal as an internal control.~20 h post-transfection, cells were treated for 24 h with vehicle, the synthetic progestin R5020 (10 nM), MAA, or with R5020 (10 nM) + MAA, in presence or absence of 10 μM U1026, as indicated. Normalized reporter activity and data presentation were as described in Fig. 1 . MAA potentiation of progesterone receptor activity (increase from 4.1-fold to 9.5-fold) was not inhibited by U0126 in HepG2 cells (increase from 4.8-fold to 14-fold).
HeLa cells, resulting in phosphorylation of ERK, while U0126, a selective inhibitor of ERK phosphorylation, decreased the potentiation of progesterone receptor transcriptional activity by MAA (Jansen et al., 2004) . We therefore investigated 1) whether MAP kinase signaling was activated by MAA in tsA201 cells, and 2) if the inhibition of this activity would interfere with MAA-induced potentiation of AR signaling. MAA treatment led to a striking increase in ERK phosphorylation, which peaked at 5 min (Fig. 3A) . MAAinduced ERK phosphorylation was completely blocked by the ERK MAP kinase pathway inhibitor U0126 (Fig. 3A) . However, U0126 did not inhibit the potentiation of AR signaling by MAA (Fig. 3B) . A second inhibitor of ERK phosphorylation, PD98059, was also without effect (Table 2) . To determine if the inhibitory effect of U0126 on MAA potentiation of progesterone receptor activity in HepG2 cells reported earlier (Jansen et al., 2004 ) was specific to progesterone receptor and/or the HepG2 cell model, we investigated the effect of U0126 on MAA-induced potentiation of AR and progesterone receptor activity in HepG2 cells. U0126 did not block MAA-induced potentiation of progesterone receptor activity (Fig. 3C ) or AR activity (data not shown) in HepG2 cells. Inhibitors of the p38 and JNK MAP kinase pathways were also without effect on MAA potentiation (Table 2) .
Tyrosine kinase and phosphatidyl inositol (PI)-3 kinase inhibitors block MAA-induced AR potentiation
ERK phosphorylation is typically a downstream response to receptor tyrosine kinase activation, suggesting that MAA may induce receptor tyrosine kinase activity in tsA201 cells. Tyrosine kinases such as Her2/ Neu stimulate androgen signaling in some cells (Craft et al., 1999; Yeh et al., 1999) . We therefore investigated the effect of tyrosine kinase inhibitors on the potentiation of AR activity by MAA. AG18, a broad range inhibitor of protein tyrosine kinases (Jaleel et al., 2004) , fully blocked MAA-induced potentiation of AR activity at 135 μM (Fig. 4A) . Thus, tyrosine kinase activity is required for the AR stimulatory effect of MAA.
The testis is rich in non-receptor protein tyrosine kinases including Src family proteins, which mediate both physiological and pathological events in this organ (Elberg et al., 1995) . Strong Src immunostaining is observed in rat spermatocytes that are undergoing apoptosis following MAA treatment (Jindo et al., 2001) . Experiments using the Src inhibitor PP2 indicated, however, that Src kinase activity is not required for the enhancement of AR activity by MAA (Table 2) . Similarly, the MAA response was not blocked by bisindolyl maleimide, an inhibitor of protein kinase C, which is activated downstream of several tyrosine kinase signaling pathways (Table 2) . Fig. 4 . Tyrosine kinase and PI3 kinase signaling is required for MAA to increase AR transcriptional activity. A. tsA201 cells were transfected and treated as described in Fig. 3B , except that the cells were treated for 6 h with testosterone, MAA and/or the tyrosine kinase inhibitor AG18 at the indicated concentrations. MAA potentiation of AR activity (increase in activity from 3.5-fold to 6.7-fold) was abolished in presence of 135 μM AG18. B. Experiment was as described in panel A, except that the cells were pre-treated with LY294002 at the indicated concentrations for 30 min, and then treated with LY294002 plus testosterone and MAA for the duration of the experiment, as indicated. Normalized reporter activity and data presentation were as described in Fig. 1 . LY294002 abolished the MAA-dependent increase in AR transcriptional activity (increased from 2.9-fold to 6.8-fold) at both 10 μM and 50 μM.
PI3 kinase signaling, downstream of tyrosine kinase signaling, has been shown to enhance AR transcriptional activity (Sharma et al., 2002) . We therefore examined the effects of LY294002, a PI3 kinaseselective inhibitor. LY294002 (10 μM) fully blocked the potentiation of AR transcriptional activity by MAA (Fig. 4B) . We conclude that the MAA-dependent increase in AR activity proceeds via tyrosine kinase activation leading to PI3 kinase activation, which is typically associated with the activation of the serine/threonine kinase Akt and other downstream signaling pathways (Cantley, 2002) .
MAA decreases the ratio of reduced glutathione to oxidized glutathione in germ cells, triggering apoptosis; restoration of glutathione levels by treatment with N-acetyl cysteine prevents germ cell death (Rao and Shaha, 2002) . Several intracellular signaling pathways, including tyrosine kinase signaling, are modulated by the intracellular redox state (Kamata and Hirata, 1999) , suggesting that the effects of MAA on tyrosine kinase signaling and AR potentiation could involve changes in redox state. We investigated this possibility by testing whether N-acetyl cysteine could block the potentiation of AR by MAA, however, no such effect was observed ( Table 2 ), suggesting that this mechanism does not contribute to AR potentiation.
Combination of MAA with AR antagonists
Several EDCs have been characterized as anti-androgens that can induce toxicity both in vivo and in vitro by antagonizing AR action (Kelce et al., 1998) . This prompted us to investigate whether the stimulatory effects of MAA on AR activity lead to a moderation of the anti-androgenic activity of these agents, or alternatively, whether MAA potentiates the inhibitory activity of these EDCs in a combinatorial setting. AR reporter gene assays were used to investigate the effects of three AR antagonists: linuron, a herbicide; vinclozolin, a pesticide; and bicalutamide, a pharmaceutical agent used for prostate cancer treatment (10 μM each). First, we determined that testosterone activated AR with an EC 50 of~0.18 nM, both in the presence and in the absence of MAA (Fig. 5 ). This indicates that MAA enhances the maximal transcriptional activity of AR without altering the receptor's intrinsic sensitivity to androgen. Next, the EC 50 for testosterone stimulation of AR activity was determined in the presence of each AR antagonist. Linuron increased the EC 50 (testosterone) from 0.18 nM to 0.58 nM (3.2-fold increase). The EC 50 for testosterone stimulation was increased 19-fold (EC 50 = 3.4 nM) and 100-fold (EC 50 = 18 nM) in the presence of vinclozolin and bicalutamide, respectively. These findings are consistent with earlier reports that these anti-androgens are competitive inhibitors of androgen binding (Blackledge, 1996; McIntyre et al., 2000; Molina-Molina et al., 2006) . EC 50 values of 0.86 nM, 2.5 nM and 45 nM were respectively determined for the three anti-androgens, when combined with MAA (Fig. 5) . Thus, all three anti-androgens retain their AR inhibitory activity in the presence of MAA. However, as seen in Fig. 5 , MAA can potentiate AR signaling even in the presence of these AR antagonists. Of note, at some testosterone concentrations, MAA increased AR activity measured in the presence of antagonist to the activity level obtained with testosterone alone. For example, AR transcriptional activity determined at 1 nM testosterone in the presence of linuron + MAA is similar to AR activity determined in cells treated with 1 nM testosterone alone (Fig. 5B) . Thus, MAA can partially alleviate the inhibitory effects of these anti-androgens.
MAA induces gene expression changes in mouse Leydig cells
MAA elicits changes in gene expression in primary spermatocytes and in Sertoli cells (reviewed by Bagchi and Waxman (2008) ), however, the effects of MAA on other testicular cells are not well characterized. As germ cell development and viability requires Leydig cells, as well as Sertoli cells, MAA-induced gene expression changes in these cell types could contribute to MAA-induced toxicity. Two mouse testicular cell lines, TM3 Leydig cells and TM4 Sertoli cells, were investigated for their ability to support MAA potentiation of AR activity. MAA-induced potentiation of AR activity was observed in TM3 cells (Fig. 6A, left) but not in TM4 cells (data not shown). This potentiation was dependent on transfection of exogenous AR, as the endogenous level of AR was too low to support reporter gene activity (Fig. 6A, right) . Next we investigated whether MAA induces changes in the expression of androgen-responsive genes or genes associated with Fig. 5 . Impact of MAA in combination with AR antagonists on AR dose-response curve. tsA201 cells were transfected as described in Fig. 3B and stimulated for 24 h with increasing concentrations of testosterone (T), either alone or in combination with MAA and/or each of the indicated AR antagonists at 10 μM: vinclozolin (A), linuron (B), and bicalutamide (C). Determination of normalized luciferase reporter activity was as described in Fig. 1 . Non-linear regression analysis was performed using GraphPad Prism software based on n = 3 separate transfections from the same passage of cells for each data point. EC 50 values for testosterone stimulation were as specified under Results. Comparison of the four curves within each panel by F-test confirmed that the doseresponse curves were significantly different from each other, p b 0.0001 in the case of panels A, B and C.
AR signaling in TM3 cells. Genes that were studied included steroid 17α-hydroxylase/17,20-lyase (Cyp17a1), aromatase (Cyp19a1), steroidogenic acute regulatory protein (Star), androgen-binding protein (Shbg) and insulin-like growth factor binding protein-3 (Igfbp3). These genes are all expressed in Leydig cells except Shbg, which encodes androgen-binding protein (ABP), and reportedly is expressed in Sertoli cells (Bardin et al., 1981) . Gene expression changes were monitored by qPCR analysis of RNA isolated from TM3 cells treated with MAA for 3 h and 24 h. Significant increases in expression were observed for Cyp17a1 (3-fold increase) and Shbg (10-fold increase) while Igfbp3 expression was markedly decreased (by~90% at 24 h) following MAA treatment (Figs. 6B-D) . Negligible changes in expression were observed for Star (data not shown). Cyp19a1 (aromatase) expression was undetectable with or without MAA treatment (data not shown). Thus, MAA induces significant changes in the expression of Leydig cell genes involved in AR signaling.
Discussion
Nuclear receptors play a critical role in the survival and proper functioning of testicular cells. The present studies show that MAA can potentiate the transcriptional activity of several testis expressed nuclear receptors, including AR and ER, but not RARs (α, β or γ). The selectivity of MAA for certain nuclear receptors could reflect differences in the requirements of each receptor for coactivators, which are potential targets of MAA. However, our finding that MAA potentiates AR transcriptional activity even in the presence of potent coactivators of AR suggests that this potentiation proceeds by a mechanism that is independent of these coactivators. Since the balance between androgens and estrogens is critical for normal testicular development (Sharpe et al., 1998) and adult male reproductive behavior (Williams et al., 2001) , any disturbance of this balance caused by MAA could potentially be harmful and may contribute to testicular toxicity. AR plays a critical role in male sexual development, and the expression of several genes in the testes is dependent upon appropriate levels of AR signaling (Zhou et al., 2005; Eacker et al., 2007) . Increased AR signaling in response to MAA exposure could thus lead to deregulation of these genes and contribute to testicular toxicity.
AG18, a general tyrosine kinase inhibitor, blocked the AR potentiating activity of MAA, indicating a requirement for tyrosine kinase activity for MAA action. MAA was shown to induce the phosphorylation of the MAP kinases ERK1 and ERK2, however, Data shown are the fold-increase in testosterone-stimulated AR activity observed in the presence of MAA alone, or in the presence of MAA + inhibitor, as compared to testosterone treatment alone (set = 1.0). The concentration(s) of each inhibitor tested and the enzyme or pathway that is inhibited were as indicated. Each value shown in the table is based on triplicate determinations using the same methods and experiment design described for U0126, AG18 and LY294002 in Figs. 3 and 4. Data are presented for two independent sets of such experiments for four of the inhibitors, as listed. None of the inhibitors blocked MAA potentiation of AR activity, since no reduction in the MAAinduced "fold-increase" in AR activity was observed (compare column 4 to column 3). MEK, ERK1 and ERK2 kinase; JNK, c-Jun N-terminal kinase; PKC, protein kinase C. inhibition of this phosphorylation using the MEK inhibitor U0126 did not decrease the extent to which MAA potentiated AR transcriptional activity. In contrast, the PI3 kinase inhibitor LY294002 blocked the potentiation of AR transcriptional activity by MAA, indicating a key role for PI3 kinase pathway in MAA action, as outlined in the model for MAA action shown in Fig. 7 . A functional link between AR and PI3 kinase signaling pathways has been described (Craft et al., 1999; Yeh et al., 1999; Sharma et al., 2002; Taneja et al., 2005) . Conceivably, PI3 kinase may augment the transcriptional activity of AR by inducing nuclear accumulation of β-catenin, which binds to the AF-2 domain of the agonist bound AR (Song et al., 2003) and increases AR transcriptional activity (Sharma et al., 2002; Song et al., 2003) . In mammals, androgens are essential for development of the male reproductive phenotype. Exposure to anti-androgens de-masculanizes the male fetus resulting in a variety of morphological and physiological alterations (Hotchkiss et al., 2002) . Sources of antiandrogens include many pesticides, industrial chemicals, phytochemicals and pharmaceuticals (Gray et al., 2001 ). Presently we investigated the impact of MAA on the activities of three anti-androgens, vinclozolin, linuron and bicalutamide, each of which competitively inhibits androgen binding to AR and can induce a variety of endocrine disruptive responses. These include altered sex differentiation in male rats, hypospadias, ectopic testes, vaginal pouch formation and nipple retention (Kelce and Wilson, 1997) , as well as reduced testicular and epididymal weights, lower numbers of testicular spermatids and reduced fertility (Gray et al., 1999) . Each of the AR antagonists investigated shifted the androgen dose-response curve to the right, consistent with the competitive inhibition mechanism reported for each of the agents. Furthermore, our studies of the combination of MAA with AR antagonists revealed that MAA did not alter the doseresponse curve for androgen activation, either in the presence or in the absence of an AR antagonist. Thus, MAA did not alter the affinity of AR towards androgen or towards anti-androgens. As such, MAA was able to stimulate the reduced AR activity measured in the presence of AR antagonists, thereby alleviating, at least in part, anti-androgenic activity. However, the combined effect of MAA and AR antagonists on gene expression and physiology in vivo may be more complex than suggested by these simplified model system studies because many anti-androgens interact with multiple signaling pathways and can affect reproduction and development by more than one mechanism. For example, linuron not only acts as an AR antagonist, it also reduces fetal testosterone production significantly in male rats (Wilson et al., 2004) .
Investigation of the effects of MAA on TM3 mouse Leydig cells revealed changes in the expression of several genes involved in androgen synthesis and action. This is the first report of MAA-induced changes in Leydig cell gene expression. Substantial increases in expression were observed for Cyp17a1 (~3-fold), which is required for Leydig cell testosterone biosynthesis (Payne, 1990) , and for Shbg, which codes for androgen-binding protein, ABP (10-fold increase), whereas Igfbp3 expression was markedly reduced (90% decrease by 24 h). Cyp17a1 is negatively regulated by testosterone (BurgosTrinidad et al., 1997) and positively regulated by FSH and cAMP (Youngblood and Payne, 1992) . ABP is expressed in testes (Selva et al., 2000) , where it binds sex steroids with high affinity and transports them to the epididymis. ABP synthesis and secretion are dependent on FSH and androgens (Selva et al., 2000) . Our finding that ABP is markedly induced in MAA-treated mouse Leydig cells is of interest, insofar as the overexpression of ABP in transgenic mice partially blocks spermatogenesis at the first meiotic division leading to apoptotic death of growth arrested germ cells (Selva et al., 2000) . Furthermore, immunohistochemical analysis of testis tissue evidenced the accumulation of pachytene and metaphase spermatocytes in ABP transgenic mice, suggesting that the elevated ABP levels may interrupt spermatogenesis and induce germ cell degeneration (Selva et al., 2000) , perhaps by lowering the free androgen threshold level. However, even though MAA-induced ABP expression has been observed in whole testes (Bartlett et al., 1988; Tirado et al., 2003) , no change in androgen levels was observed (Bartlett et al., 1988) . Thus the impact of MAA-induced increase in ABP expression and its potential contributions to testicular toxicity are uncertain.
IGFBP-3 is an abundant carrier protein that binds to and transports IGF1 in serum (Hwa et al., 1999) . IGFBP-3 can inhibit cell growth and induce apoptosis through both IGF1-dependent and IGF1-independent mechanisms (Peng et al., 2006) . Cell growth-inhibitory concentrations of androgens induce significant increases in Igfbp3 expression at both the mRNA and protein level through an AR-dependent mechanism (Peng et al., 2006) . Moreover, Igfbp3 expression is increased~1.5-fold in male rat testes 6 h after treatment with EGME (Fukushima et al., 2005) . However, in our studies a decrease in Igfbp3 expression was observed in MAA-treated TM3 Leydig cells. Whether this decrease also occurs in Leydig cells following EGME or MAA treatment in vivo is not known.
All three MAA-responsive Leydig cell gene products described here play critical roles in androgen action, and modulation of their expression could have negative impact on testicular cell survival and signaling. The mechanisms through which MAA induces these effects on TM3 Leydig cell gene expression are not known. Androgens cause feedback inhibition of Cyp17a1 expression (Burgos-Trinidad et al., 1997) and induce Igfbp3 expression (Peng et al., 2006) via an AR-dependent mechanism, as noted above. However, AR levels in TM3 cells are very low and were unchanged upon MAA treatment, as determined by qPCR analysis (data not shown). Also, others have reported that there is no significant change in testosterone levels in the testes following MAA treatment (Bartlett et al., 1988) . These observations suggest that these responses to MAA might not be AR-dependent. However, since all three genes can also be regulated by cyclic AMP, as noted above, with a decrease in expression in the case of Igfbp3 (Wang et al., 2001) , the observed changes in TM3 cell gene expression could result from an increase in cyclic AMP levels. Indeed, cAMP signaling is readily induced upon MAA treatment of tsA201 cells, as determined using Clontech, Inc. The broad range tyrosine kinase inhibitor AG18 blocks the potentiation of AR transcription by MAA. Activation of tyrosine kinase(s) at the cell surface, or elsewhere in the cell, leads to the activation of multiple intracellular signaling pathways, including the ERK MAP kinase pathway (left) and PI3 kinase signaling (right). MAA treatment activates phosphorylation of the MAP kinase ERK1 and ERK2, however, inhibition of this pathway using the MEK inhibitor U0126 does not block MAA-induced AR potentiation. In contrast, inhibition of PI3 kinase signaling using LY294002 blocks the enhancement of AR transcriptional activity by MAA. The detailed mechanism whereby PI3 kinase causes super-activation of AR (AR⁎) is unknown but could involve the serine/threonine protein kinase Akt (a common target of PI3 kinase), leading to downstream effects such as an increase in coactivator binding or chromatin modifications associated with an increase in AR transcriptional output. pathway profiling vectors (G.B. and D.J.W., unpublished experiments). Star and Cyp19a1 are also positively regulated by cAMP, however, we did not see any MAA-dependent changes in their expression.
In conclusion, the present study demonstrates that MAA can regulate multiple intracellular pathways related to androgen synthesis and action. In addition to modifying the activity of nuclear receptors, MAA has the potential to induce changes in expression of other genes that may indirectly affect signaling by AR and other nuclear receptors. The full significance of the potentiation of nuclear receptor activity by MAA is uncertain. The proximal cause of MAA-induced spermatocyte apoptosis appears to be a fall in the level of reduced glutathione as compared to oxidized glutathione, insofar as spermatocyte apoptosis is substantially reduced when cellular glutathione levels are restored by treatment with N-acetyl cysteine, an antioxidant (Rao and Shaha, 2002) . In our study, treatment of cells with N-acetyl cysteine had no impact on MAA-induced potentiation of AR activity, indicating that the enhancement of AR transcriptional activity is not a consequence of changes in cellular glutathione levels. Alterations in AR signaling in cells exposed to MAA could contribute to testicular toxicity in a variety of ways. Although the most prominent outcome of MAA exposure is apoptosis of primary spermatocytes and testicular degradation, which can be indicative of androgen deprivation, testosterone levels are, in fact, not decreased following MAA treatment (Bartlett et al., 1988) . Thus, an alternative hypothesis to be considered is that MAA-induced testicular toxicity involves, at least in part, altered AR signaling leading to a change in the balance between androgenic and estrogenic activity that is critical for normal testicular development (Sharpe et al., 1998) . Several genes in the testes require appropriate levels of AR signaling for expression (Zhou et al., 2005; Eacker et al., 2007) and could serve as targets for this effect of MAA. Further studies are required to identify the downstream targets of MAA-modulated AR signaling, and to elucidate their role in MAA-induced testicular toxicity in vivo.
